Background: Morbidly obese patients show impaired pulmonary function during anesthesia and paralysis, partly due to formation of atelectasis. This study analyzed the effect of general anesthesia and three different ventilatory strategies to reduce the amount of atelectasis and improve respiratory function.
PULMONARY gas exchange and respiratory mechanics are regularly impaired during general anesthesia and paralysis. A major contributor to the impairment in gas exchange is the formation of atelectasis, which, without positive end-expiratory pressure (PEEP), is present in approximately 90% of all anesthetized subjects. 1, 2 In morbidly obese subjects compared to normal weight subjects, general anesthesia and paralysis lead to more atelectasis, severe alterations in respiratory mechanics, and an increased risk of hypoxemia. 3 The amount of atelectasis formation has been shown to correlate with body weight. 4 In addition, atelectasis is sustained into the postoperative period to a higher extent in morbidly obese patients. 5 In normal weight subjects, a recruitment maneuver with an inspiratory pressure of 40 cm H 2 O has been reported to efficiently reduce atelectasis and improve oxygenation and respiratory mechanics. 6 After a successful recruitment maneuver, atelectasis reappears very slowly if 40% O 2 is used 7 ; with 100% O 2 , it is necessary to apply PEEP to prevent atelectasis from rapidly reccurring. 8 Different strategies to improve respiratory function in anesthetized obese patients have been investigated. Increases in tidal volume or respiratory rate do not improve oxygenation. 9,10 Addition of 10 cm H 2 O of PEEP improves respiratory mechanics and oxygenation. 11 Recruitment maneuvers have been suggested to further improve oxygenation before application of PEEP in obese patients. 12 The effect of PEEP and recruitment maneuvers has not been evaluated with computerized tomography (CT) in morbidly obese patients. Instead of spiral computerized tomography, more indirect methods like helium dilution and analysis of pressure-volume curves have been used to study changes in lung volumes after different interventions. Neither have the independent effects of recruitment maneuvers and PEEP been investigated within this group of patients.
There is still no clear evidence of whether the positive effect in oxygenation in patients with acute lung injury or acute respiratory distress syndrome is due to the recruitment maneuver, PEEP or a combination of both. 13 We hypothesized that a recruitment maneuver followed by PEEP would be the most efficient way to improve respiratory function by reducing atelectasis in morbidly obese patients during general anesthesia and paralysis in the supine position.
We therefore evaluated in patients with body mass index greater than 40 kg/m 2 , the aeration of the lung by using CT while awake, after induction of anesthesia and paralysis, and after different ventilatory interventions: PEEP alone, a recruitment maneuver ϩ zero end-expiratory pressure (ZEEP), and a recruitment maneuver ϩ PEEP.
Materials and Methods
Thirty patients with American Society of Anesthesiologists physical status classification system grade II or III, with a body mass index greater than 40 kg/m 2 , aged 25 to 54 yr, and scheduled for elective gastric bypass surgery en-Roux were enrolled in this prospective, singleblind randomized study. The study was approved by the local ethics committee at Uppsala University, Uppsala, Sweden. Informed consent was obtained from all patients.
Exclusion criteria were: (1) age below 18 yr, (2) pregnancy, (3) cardiac disease (history of ischemic heart disease and New York Heart Association [NYHA] class III or IV), (4) obstructive pulmonary disease, defined as forced expiratory volume below 80% of expected value (a spirometry was performed 1-2 days before the study).
All patients received premedication with 1 g of acetaminophen and 15 mg of midazolam orally 30 -60 min before induction of anesthesia. An anesthetist experienced in the treatment of morbidly obese patients performed the anesthesia procedure. After arrival at the CT scanner facility, cannulas were inserted in a brachial vein and the radial artery. The arterial line was used for the study protocol and inserted under local anesthesia. Before induction of anesthesia, an arterial blood gas sample with the patient breathing ambient air was collected. Monitoring included invasive arterial blood pressure, continuous electrocardiogram, and peripheral oxygen saturation (SpO 2 ). After induction of anesthesia and tracheal intubation, end tidal carbon dioxide concentration (ETCO 2 ), airway pressures, tidal volume and respiratory rate were also monitored and recorded. An S/5 monitor (Datex-Engstrom, Helsinki, Finland) was used, and all data were collected with Datex-Ohmeda S/5 Collect (Helsinki, Finland). Data were collected 6 times per minute. The patients were positioned in the supine position on an operating table, (Maquet, Rastatt, Germany). The CT scan facility was equipped to assure safety of anesthesia procedures exactly as in the operating room, and anesthesia was always induced on the operating table to ensure highest possible safety. No adverse events occurred during induction and intubation.
Before induction of anesthesia, preoxygenation was given during 5 min by using 100% O 2 and a tight seal mask. General anesthesia was induced with intravenous propofol (1-2 mg/kg predicted body weight), 14 fentanyl (2-4 g/kg predicted body weight), and rocuronium (0.6 mg/kg predicted body weight), followed by oral intubation. Predicted body weight was calculated as 45.4 ϩ 0.91 (height (cm) Ϫ 152.4) for women and 49.9 ϩ 0.91 (height (cm) Ϫ 152.4) for men. 15 For maintenance, a continuous infusion of propofol (3-6 mg/kg total body weight/h) and additional doses of fentanyl of 100 g were given to obtain a clinically adequate depth of anesthesia. After induction, all patients were mechanically ventilated with volume-cycled ventilation by using a Servo i ventilator (Maquet, Solna, Sweden). Inspired oxygen fraction (FIO 2 ) was 0.5, and zero end-expiratory pressure was applied. Tidal volumes were set at 10 ml/kg predicted body weight with an initial respiratory frequency of 12 breaths/min. Respiratory rate was adjusted to maintain ETCO 2 at 34 to 41 mmHg, whereas tidal volumes were not changed. Inspiratory/expiratoryratio was 1:2, and the plateau pressure percentage was 28.5% of the inspiratory time.
All ventilatory data were recorded on a memory card connected to the ventilator. The quasistatic compliance of the respiratory system was calculated as tidal volume divided by inspiratory plateau pressure minus end-expiratory pressure at a period of no-flow at end-inspiration and end-expiration. After anesthesia and tracheal intubation patients were randomized by using sealed envelopes into one of three intervention groups:
(1) PEEP: PEEP of 10 cm H 2 O; (2) RMϩZEEP: recruitment maneuver followed by ZEEP; (3) RMϩPEEP: Recruitment maneuver followed by PEEP of 10 cm H 2 O.
The recruitment maneuver was performed in the following way: ventilator mode was switched to pressure control, inspiratory pressure was increased to 55 cm H 2 O, and an inspiratory hold was kept for 10 s. In case of a drop in systolic blood pressure by more than 20%, the recruitment maneuver would have been disrupted. In the recruitment maneuver followed by PEEP group, PEEP was applied immediately after the recruitment maneuver. Measurements were obtained: (1) before anesthesia induction, (2) 5 min after induction and tracheal intubation, and (3) 5 min, (4) 20 min, and (5) 40 min after intervention.
Computerized Tomography
As discussed by the local ethics committee at Uppsala University, Uppsala, Sweden, and according to most recent recommendations, 16 the radiation-dose permitted a maximum of two spiral CT investigations in each patient.
We aimed to do all the CT investigations at end-expiration in awake patients by asking them to exhale normally and hold their breath until the CT was completed, and in the anesthetized subjects by making an endexpiratory hold on the ventilator.
The CT scans were acquired with a Somatom Sensation 16 CT scanner (Siemens, Erlangen, Germany). Singleslice CT was performed in all 30 patients (single-slice alone or as part of a spiral CT (1) before anesthesia induction, (2) 5 min after induction and tracheal intubation, and (3) 5 min and (4) 20 min after intervention, which made it possible to follow the three groups from awake to 20 min after intervention. At end-expiration, the transversal CT cut (9-mm thickness) was positioned 1 cm above the right diaphragm, and the exposure was done with 120 kV, 135 mÅ, 0.5-s rotation time, and collimation of 0.75 mm. For practical and technical rea-sons, we were limited to do spiral CT in 23 of the total material of 30 patients. Six patients were randomized for a spiral CT at awake and 5 min after intubation. In 17 of the 30 patients, spiral CT scans were performed after intubation and 20 min after intervention with 5-6 patients randomized to each group ( fig. 1 ). The spiral CT scans were acquired from a level above the apex of the lung to a level below the diaphragm (120 kV, 100 mÅ, pitch 1.1, and collimation 1.5 mm). Scanning time was approximately 4 s. To determine the borders of the lung, a frontal topogram of the chest was obtained while the patients were awake and once again after induction of anesthesia during mechanical ventilation.
Analysis of Spiral CT
Spiral CT images were obtained to analyze aeration of the entire lung. The CT images were analyzed by using the custom-made software package MALUNA (Mannheim lung analysis tool, Maluna 2.02; Mannheim, Germany) based on the graphical programming Language G (LabView ® -5.1, InaqVision ® -5.0; National Instruments, Austin, TX). The lung area was delineated manually. To calculate atelectasis, a region of interest was laid out that encircled the dense part of the lung, excluding large vessels. For further analysis, the lung was divided into four categories: areas with densities ranging from Ϫ1000 to Ϫ900 Hounsfield units (HU) were classified as overaerated, from Ϫ900 to Ϫ500 HU as normally aerated, from Ϫ500 to Ϫ100 HU as poorly aerated, and from Ϫ100 to ϩ100 HU as nonaerated (atelectasis). From the spiral CT, the end-expiratory lung volume (EELV) was calculated. Function residual capacity is determined in spontaneously breathing, resting normal subjects at the end of a normal expiration, and EELV is used to denote functional residual capacity during mechanical ventilation. In addition the fractional volumes of overaerated, normally aerated, poorly aerated, and nonaerated lung tissue were calculated, with the lungs divided into three segments: base, middle, and apex. Each segment contained 8 Ϯ 2 consecutive slices at 9-mm slice thickness.
Analysis of Single-slice CT
Within the region of interest for atelectasis, the nonaerated lung tissue (Ϫ100 to ϩ100 HU) was calculated and divided by the area of the region of interest containing the whole lungs.
Statistical Analysis
We assumed a difference of 50% in atelectatic area in a single CT slice between measurements of the different ventilator strategies. A sample size of 30 subjects (10 for each group) was estimated if the atelectatic area was 5% in the recruitment maneuver ϩ PEEP group compared to 10% in the other groups with a SD of 2%.
Data are shown as mean Ϯ SD. In all calculations, a P value Ͻ0.05 was considered significant. All the testing was two-tailed.
Comparisons between patient demographics were done by using analysis of variance (ANOVA) and Fisher exact test. Analysis of variance was also used to compare the levels of the outcome variables before intervention between the treatment groups. The analyses were done separately to evaluate the effect of induction of anesthesia and the effect of different interventions. For each outcome, the following analyses were performed. A mixed-model was set up as a two-way repeated measures design by using unstructured covariance structure. The model includes treatment group, time, and the interaction between time and treatment group as factors. Of interest was the interaction between time and treatment group because it compared the treatment effects over time. If the overall test for interaction between time and treatment group was significant, pairwise comparisons for the time and group interaction were performed to explore which treatments differed. This was done by excluding one treatment group at a time by using the same mixed model set up. Within-group effect of time was analyzed by using a one-way repeated measures mixed-model with unstructured covariance structure. This model only includes time as a factor. If the effect of time was significant and the data included more than two measures over time, pairwise comparisons between time points were done comparing least squared means estimated by the mixed-model. The same one-way design was used to evaluate the effect of induction of anesthesia. Histograms of the residuals were examined visually to assess the fit of the above models. To obtain normality, the outcome values of atelectasis and EELV were log transformed. Analyses were performed by using SAS version 9.1.3 (SAS Institute Inc., Cary, NC).
Results
Thirty patients (33 women and 7 men) were included in the study. Another two patients were excluded from the study because of forced expiratory volume percentage less than 80% of expected value. Patient characteristics were equally distributed among the three groups (table 1) .
Oxygenation A recruitment maneuver followed by PEEP caused an increase in the PaO 2 /FIO 2 ratio (P Ͻ 0.0001) at 5 min, and this increase was sustained at 20 and 40 min after the recruitment maneuver (P Ͻ 0.0001). In contrast, PEEP alone or a recruitment maneuver followed by zero endexpiratory pressure did not cause any significant change in the PaO 2 /FIO 2 ratio at any time point. There was no significant difference in oxygenation among the three groups before intervention (table 2), either while awake breathing ambient air or after induction of anesthesia and paralysis with FIO 2 of 0.5. Compared to awake, the PaO 2 /FIO 2 ratio was reduced by approximately 40% after induction of anesthesia and paralysis (P Ͻ 0.0001) ( fig. 2 ).
Hemodynamics
During the study, the mean arterial pressure was between 60 and 95 mmHg, and heart rate was between 60 and 110 beats/min. There were no significant differences in hemodynamics among the groups (table 2) .
Respiratory Compliance
After induction of anesthesia, there was no significant difference in compliance among the groups (table 2). A recruitment maneuver followed by PEEP caused an increase in compliance (P Ͻ 0.0001). This effect was seen already at 5 min (P Ͻ 0.0001) and was less but still significant at 40 min (P Ͻ 0.0001). PEEP alone caused an increase in compliance (P Ͻ 0.0001). There was a small decrease in compliance in the recruitment maneuver followed by ZEEP group (P ϭ 0.0014).
Spiral CT
As seen in table 3, induction of anesthesia and paralysis was accompanied by approximately 50% reduction of EELV. Twenty minutes after intervention, the EELV increased 32% in the PEEP group and 64% in the recruitment maneuver followed by PEEP group. No changes in EELV were observed after a recruitment maneuver followed by ZEEP.
In table 4 , the overall changes of the fractional amount of normally aerated, poorly aerated, and nonaerated tissue, as well as their distribution at the apex, middle, and basal lung regions are reported while awake, after induction of anesthesia and paralysis, and 20 min after application of the different ventilatory strategies.
The atelectatic volume was 1 Ϯ 0.5% before induction of anesthesia and paralysis (six patients). At 5 min after induction, the mean atelectatic volume in all 23 patients who were studied with spiral CT was 11 Ϯ 6%, with no significant difference among the groups. The increase in atelectasis after induction of anesthesia and paralysis was most pronounced in the basal region (the part of the lung in the pleural sinuses), where it increased from 6 Ϯ 4% to 29 Ϯ 15% (P Ͻ 0.0001) (note, however, the small fraction of lung visualized in the basal CT slices), but was also present in the apical (P ϭ 0.0001) and middle regions (P Ͻ 0.0001). Normally aerated lung-fraction decreased, but poorly aerated and overaerated fractional volumes did not change. Overaeration was always less than 1% and is, therefore, not presented.
A recruitment maneuver followed by PEEP increased the fractional amount of normally aerated tissue, decreased the amount of poorly aerated tissue mainly at the apex and middle lung regions, and caused a major reduction of nonaerated tissue (table 4). A recruitment maneuver followed by ZEEP did not substantially affect the fractional amount of normally aerated, poorly aerated, or nonaerated tissue. In the group receiving PEEP without a preceding recruitment maneuver, there was an increase in normally aerated volume (P ϭ 0.0004) and a reduction of poorly aerated volume (P ϭ 0.0014), whereas atelectasis remained unchanged.
Single-slice CT
Single-slice CT was made in all 30 patients at the four different time points of measurement. In figure 3 , a representative CT scan done while awake, after induction of anesthesia and paralysis, and 5 and 20 min after the three different interventions (PEEP, recruitment maneuver followed by PEEP, or recruitment maneuver followed by ZEEP) is shown. As noted, atelectasis appeared after induction of anesthesia and paralysis in the most dependent lung regions. After 5 and 20 min a reduction in atelectasis is evident after recruitment maneuver followed by PEEP but not after PEEP or recruitment maneuver followed by ZEEP.
Single-slice CT correlates with the upper part of the middle region in the spiral CT. Results from single-slice CT were comparable to spiral CT with minimal atelectasis (0.4 Ϯ 0.7%) in awake patients and formation of PEEP ϭ positive end expiratory pressure; RM ϭ recruitment maneuver; ZEEP ϭ zero end-expiratory pressure.
atelectasis after induction of anesthesia and paralysis (7 Ϯ 5%) ( fig. 4 ). At 5 min after intervention, the group receiving a recruitment maneuver followed by PEEP had a significantly reduced mean area of atelectasis of 1 Ϯ 1% compared to 7 Ϯ 5% immediately after induction (P Ͻ 0.0001). This reduction in atelectasis was maintained at 20 min after intervention (P Ͻ 0.0001). In the group where a recruitment maneuver was followed by ZEEP, there was a reduction of atelectatic area at 5 min after intervention (P Ͻ 0.0083), but this reduction in atelectasis was not sustained at 20 min.
Discussion
In morbidly obese patients, we found (1) that induction of anesthesia and paralysis dramatically reduced EELV, promoted atelectasis in dependent lung regions and caused a marked fall in arterial oxygenation and (2) that a recruitment maneuver followed by PEEP increased EELV, effectively opened up atelectatic lung areas, increased respiratory system compliance, and improved arterial oxygenation. The improvement in oxygenation after the recruitment maneuver remained stable during the study period of 40 min. PEEP or a recruitment ma- neuver alone did not substantially improve respiratory function.
The prevalence of obesity continues to rise, both in the United States 17 and globally. 18 It has recently been reported that gastric bypass surgery is effective not only for weight reduction but also reduces clinical complications of obesity and even mortality. 19 Thus it seems likely that there will be more obese patients undergoing surgery in the future. 20 Atelectasis formation during induction of anesthesia and paralysis, surgery, and also postoperatively 5 may promote perioperative and postoperative hypoxemia and also postoperative pneumonia. 21 Previously, Eichenberger et al. have demonstrated that 8% of the lungs in obese patients were atelectatic 1 h after extubation and that the atelectasis remained 24 h later. 5 In the current study, spiral CT was done in a majority of the patients, which made it possible to calculate EELV at different time points. In addition, the fractional volumes of overaerated, normally aerated, poorly aerated, and nonaerated lung tissue have been calculated, with the lungs divided in three different regions from base to apex. The radiation-dose permitted a maximum of two spiral CT scans in each patient. Single-slice CT could be performed in all patients at four time points and made it possible to follow the three groups from awake to 20 min after intervention. Great differences in the crosssectional area regarding aeration can be observed from apex to basal parts of the lung. The level of the singleslice CT corresponds to the upper middle section of the spiral CT, hence the higher fraction of atelectasis in spiral CT scans because they include the juxta-diaphragmatic lung regions that contain a large fraction of atelectasis. Previous studies have shown significant correlation in fractional aeration in single-slice CT compared to spiral CT. However, single-slice CT seems less accurate in estimating the changes in aeration of the lung when compared to spiral CT. 22, 23 All CT investigations were done at end-expiration; therefore, the results were optimized for comparison between awake and anesthetized patients.
We found that these patients while awake in supine position showed a low EELV, although gas-exchange variables were within normal range. This is in fair agreement with previous reports in awake morbidly obese patients. 24, 25 Negative effects of anesthesia and paralysis on respiratory function were demonstrated by a reduction of an already low EELV, increased atelectasis formation in the dependent lung regions, and a marked fall in PaO 2 /FIO 2 ratio. After induction of anesthesia and paralysis, we found an average EELV of approximately 800 ml, confirming previous EELV measurements in morbidly obese patients obtained by helium dilution technique during anesthesia, and paralysis in the absence of PEEP. 11, 25, 26 We found that anesthesia and paralysis decreased the fractional amount of normally aerated tissue from 71% to 50% and increased the fractional amount of poorly aerated from 28% to 39% and nonaerated tissue from 1% to 11%. This is in line with previous results in which obese patients were investigated with single-slice CT before and after induction of anesthesia and paralysis, reporting 10% atelectasis. 27 In contrast, previous studies in normal weight subjects have reported approximately 3% atelectasis when performing spiral CT during anesthesia and ZEEP. 28 The recruitment maneuver of 55 cm H 2 O for 10 seconds reduced atelectasis, as seen in the group with recruitment maneuver followed by PEEP. In most patients, this pressure was sufficient to abolish atelectasis; in some cases, however, there were still some atelectasis remaining. We also observed a marked increase in EELV, a reduction in poorly aerated tissue associated with an increase in normally aerated tissue, improved respiratory compliance and oxygenation. Our results are in agreement with previous studies in which application of PEEP preceded by a recruitment maneuver was more effective than PEEP alone. 12, 29 In addition, it has been shown in normal weight subjects that a single insufflation of 40 cm H 2 O for 8 s was sufficient to open atelectatic areas. 30 However, it is likely that, for a comparable airway pressure, the transpulmonary pressure, which is the real alveolar distending pressure, is lower in the anesthetized morbidly obese than in normal weight subjects. This is caused by increased chest wall elastance 11, 31 and higher intraabdominal pressure 3 as illustrated by a return of EELV to almost preanesthesia values in obese patients when the abdominal wall was opened. 25 Thus, we estimated that a pressure of 55 cm H 2 O for 10 s during the recruitment maneuver would optimize the beneficial effect of the recruitment maneuver while minimizing possible negative effects, in terms of barotrauma and hemodynamic compromise.
Excessive pressures during the recruitment maneuver may cause transient hemodynamic instability with severe side effects, especially in hypovolemic subjects. 32 We consider the safety of the recruitment maneuver to be of great importance, also because the outcome benefits in morbidity and mortality are still to be clearly shown. 13 Care was therefore taken to make sure the patients were clinically normovolemic and hemodynamically stable before the extended insufflations. The recruitment maneuver used only had a mild, short-lasting effect on blood pressure, despite the high pressures used. None of the patients showed clinical signs of pneumothorax or suffered from severe respiratory failure requiring prolonged mechanical ventilation or postoperative reintubation.
PEEP alone increased the normally aerated lung fraction. This was combined with a reduction of poorly aerated lung tissue while atelectasis remained unchanged. The increase in normally aerated lung tissue was not accompanied by an increase in PaO 2 .This might be explained by a redistribution of blood to nonventilated regions or by a decrease in cardiac output. 10 In a previous study 11 in postoperative mechanically ventilated obese patients (mean body mass index 51) after abdominal surgery, PEEP of 10 cm H 2 O caused an increase in PaO 2 , respiratory compliance, and EELV. This was in contrast to nonobese patients in whom PEEP had no beneficial effects.
In a recent study 33 of morbidly obese patients using impedance tomography, the optimal level of PEEP (defined as the pressure level where no recruitment or derecruitment occurred) was 15 cm H 2 O. Despite the use of an optimal level of PEEP, these patients still improved in oxygenation after a recruitment maneuver. Thus there possibly were recruitable lung regions even at the PEEP level of 15 cm H 2 O. It is possible that the level of PEEP used in the current study was not enough to maximize the beneficial effects on the respiratory function. However, a PEEP of 10 cm H 2 O was sufficient to maintain a substantial improvement in respiratory function. This is most probably explained by the preceding recruitment maneuver, thus applying PEEP to an open lung. In addition, PEEP higher than 10 cm H 2 O may be associated with marked derangements in hemodynamics, especially in morbidly obese patients. 34 When a recruitment maneuver was applied without PEEP, the effect was short lasting. Twenty minutes after the recruitment maneuver, no beneficial effects remained. This is in contrast to what has been observed in normal weight patients in whom a recruitment maneuver followed by ZEEP reduced atelectasis significantly for at least 20 min if FIO 2 was kept at 0.4. 35 This observation suggests that the application of PEEP in morbidly obese patients is needed to keep the lung open and improve respiratory function after an effective recruitment maneuver.
Our study has limitations that need to be addressed for interpretation of the results. (1) The number of patients included in the study is limited, and the results should be interpreted with this in mind. However, the sample size was enough to detect the large differences that occurred in the respiratory and morphological variables.
(2) We used fixed levels of inspiratory pressures for recruitment maneuver and PEEP. (3) We used fixed tidal volumes of 10 ml/kg predicted body weight; therefore, different effects of higher or lower tidal volumes cannot be excluded. (4) We studied our patients in the supine position; however, beach chair position has been shown to effectively improve respiratory mechanics and oxygenation in obese patients during anesthesia, especially in combination with PEEP. 36 (5) We used conventional volume-controlled ventilation, and recent studies have shown promising results with improved gas-exchange and respiratory mechanics while using biologically variable ventilation. 37 (6) The majority of the patients included in the study were female, the most common population of patients undergoing bariatric surgery. 20 (7) We did not study children, although obesity in children is a growing problem and poses great challenges in airway and ventilatory treatment with increased risk of desaturation and airway management problems. 38 (8) We did not evaluate hemodynamics in detail in these patients undergoing conventional bariatric surgery. (9) We minimized the number of CT scans for each patient as requested by the ethical committee at Uppsala University, Sweden, and in line with good clinical and research practice. 16 (10) The anesthesia was induced with 100% O 2 , which promotes formation of atelectasis; however, this is a standard procedure in patients with high risk of difficult intubation and hypoxemia at the time of induction of anesthesia. 39, 40 (11) We chose to perform the recruitment maneuver in pressure control to optimize its effects. Not all ventilators used in anesthesia are made to enable such a maneuver. However, these techniques are very common in ventilators used in intensive care units, and we believe that future technical development is needed to improve anesthesia ventilators. (12) The changes in lung volumes were most likely caused by induction of anesthesia and paralysis, but another possible explanation is that during spontaneous breathing the patient did not comprehend the instructions given, thus failing to make an end-expiratory breath-hold. However we believe this to be unlikely; careful instructions were given, and each patient was observed to make a breathhold during the CT scanning.
In conclusion, this study has demonstrated that anesthesia in morbidly obese patients induces atelectasis formation and impairment in oxygenation. A recruitment maneuver followed by PEEP was sufficient to reduce the amount of atelectasis and improve oxygenation for a prolonged period of time. Conversely, PEEP or recruitment maneuver alone was not effective to reach a sustained improvement of respiratory function.
